Abstract-The present paper summarized the results of the most commonly adopted calculation models for total solar irradiance on inclined surface. The solar irradiance on inclined surface in Beijing was taken as an example and was simulated using Liu and Jordan, Klucher, Hay, and Perez sky models and the results were analyzed in a variety of circumstances. The modified Klucher model was improved with the introduction of the correction for tilt angle β=0° and the suitability of all the five calculation models was analyzed.
INTRODUCTION
Solar energy is an important alternative for fossil fuel as it is a clean and renewable energy. Regarding the application of solar energy in buildings, tilt angle usually exists between the receiving surface of solar energy and the horizontal plane. Thereby, the calculation of solar irradiance on the inclined surface is very important to the investigation on the use of solar energy, and many studies have been done on this topic. ElSebaii et al. [1] calculated direct solar irradiance and diffuse irradiance for horizontal plane and inclined surface in Jidda city, Saudi Arabia. Karakoti et al. [2] studied the empirical calculation formula of diffuse irradiance by including the effects of solar radiance duration, temperature and relative humidity on diffuse irradiance. Based on measured values of solar irradiance on a horizontal plane, Notton et al. [3] studied and calculated the solar radiance on inclined surface by multiple calculation models and their combinations, and carried out the error analysis on the results. Pandey et al. [4] studied the solar irradiance calculation for inclined surface in India and analyzed and compared various calculation models concluding that Klucher model gives the best calculation result. Amrouche et al. [5] proposed to establish a neural network model for predicting total solar irradiance on horizontal plane.
The calculation of solar irradiance on inclined surface is crucial to performance evaluation and optimization of solar energy technologies that are applied in buildings. The solar irradiance received by an inclined surface does not only relate to the factors such as local latitude, date, time, and weather, but also to the tilt angle and the azimuth angle of the surface. Tilt angle and azimuth angle of the inclined surface are controllable factors that can affect the solar irradiance on an inclined surface. At present, for various regions and time periods, many studies have been carried out on the best tilt angle of inclined surface [6] [7] [8] [9] to achieve the greatest solar irradiance.
The total solar irradiance (TSI) on an inclined surface is the sum of direct beam irradiance, sky diffuse irradiance and ground reflected irradiance [10] . Currently, relatively unified calculation formulas are available for direct beam and groundreflected irradiances while different calculation models are proposed for diffuse sky irradiance. To further understand and master the features of calculation models for solar irradiance on an inclined surface, the present work compares and analyzes the calculated values for various tilt angles and in different weather conditions for Beijing city using four irradiance calculation models, including Liu and Jordan, Klucher, Hay, and Perez model. Furthermore, Klucher model is corrected with the introduction of tilt angle β=0° to implement better numerical calculation and analysis on photovoltaic and thermal technologies of solar energy.
II. CALCULATION OF SOLAR IRRADIANCE ON INCLINED SURFACE
The installation of solar energy utilization equipment such as solar photovoltaic array and solar thermal collector, as well as the solar facilities installed on the wall or envelope of buildings, usually requires a certain tilt angle against horizontal plane to receive high solar irradiation. Solar irradiance calculation on inclined surface is very important to the development and evaluation of utilization technologies for solar energy. The total solar irradiance received by a surface tilted with an angle β in respect to the horizontal plane, Iβ, is the sum of direct solar irradiance (Ibβ), sky diffuse irradiance (Idβ) and solar radiation reflected from the ground (Irβ): Incidence angle of sunlight on inclined surface θ is given by [11] : cos cos cos cos cos sin sin cos cos sin sin sin cos cos sin sin cos sin cos sin cos
Solar zenith angle is determined by local latitude angle Φ, hour angle ω and declination angle δ, i.e. [12] z cos cos cos cos sin sin
where Idh is diffuse irradiance on horizontal plane obtained by solar radiometer or calculation model (e.g. Hottel model); ρ is surface albedo.
C. Sky Diffuse Irradiance Idβ
Nowadays many calculation models for inclined surface solar irradiance have been proposed. Furthermore, focusing on some regions, researchers compared the calculation results with measured ones to verify the accuracy of the models.
In 1962, Liu and Jordan proposed an isotropic model whose expression is relatively simple, given by [13] dβ dh 1 cos
Klucher considered the effect of clouds in the sky and proposed a diffuse irradiance model as [14]   
where Th bh dh
Hay model [15] :   bh bh dβ dh eh z eh cos 1 1 cos 1 cos 2
where
Moreover, in Perez et al. model [16] : 
The values of f11, f12, f13, f21, f22 and f23 refer to [16] based on εi.
For brevity, the four irradiance calculation models are numbered as listed in Table I . The solar irradiance data of Beijing (latitude 40°N, longitude 116° E) within a year is selected for comparison with calculated results of the four irradiance calculation models.
The horizontal plane is treated as a particular case of inclined surface whose tilt angle is β=0 and the reflected irradiance of the plane is 0. Data of direct solar irradiance and diffuse irradiance on horizontal plane of Beijing city are shown in Figure I . The solar irradiance on inclined surface was calculated from the data of solar irradiance of horizontal plane. With the direct solar irradiance and diffuse irradiance data on horizontal plane of Beijing over a year, direct solar irradiance and diffuse irradiance on inclined surface as tilt angle β=0 were calculated using the four models. The results were compared with the solar irradiance data of Beijing and analyzed. For better comparison and analysis, four representative days were selected, i.e. vernal equinox, summer solstice, autumnal equinox, and winter solstice, to cover various weather conditions (totally clear at vernal equinox, cloudy at summer solstice, totally overcast at autumnal equinox and clear at winter solstice). Figure II 
FIGURE II. CALCULATED VALUES OF DIFFUSE SOLAR IRRADIANCE ON INCLINED SURFACE (Β=0°) IV. CALCULATED RESULTS AND ANALYSIS
To learn about the features of each calculation models more clearly, based on the direct solar irradiance and diffuse solar irradiance data on horizontal plane of Beijing within a year, by models 1, 2, 3, 4 and Model 2', direct solar irradiance, diffuse irradiance and reflected irradiance on inclined surfaces with tilt angles at β=15°, β=45°, and β=90° are calculated. According to n values (n=1 for January 1st), four days are approximately evenly selected within a year for comparison below.
When n=1 Model 4 obtains the greatest calculated result, those of Model 3 and Model 2 are less, and that of model one is the least. When n=90, Models 2 and 3 perform better than models 4 and 2', while Model 1 gets the smallest variation. Model 2 also well perform in case of n=180, while Model 4 gives the worse result. Moreover, the comparison between Fig.  IV and Figure II suggests the magnitude relationships of calculated result of the five models is about the same when n=270 and n=90. Thus, compared with the results of other models, as n increases, that of Model 4 decreases from the maximum gradually to the minimum (reaching the minimum at n=172, around summer solstice) and then increases gradually. Besides, the calculated result of Model 2' is always a bit lower than that of model 2; that of Model 1 is the least except in summer.
As Figure III to Figure VI show, increasing the tilt angle of inclined surface, the difference between calculated results of models widens. At sunrise and sunset, the calculated results of models 3 and 4 differ quite greatly from the diffuse irradiance on horizontal plane, and the differences increase with the tilt angle of inclined surface. This phenomenon becomes the most predominant when n=1 and n=180 (in winter and summer). In addition, when the tilt angle increases from 45°to 90°, the calculated values of diffuse irradiance of the five models gradually decrease; and when β=90°, all the calculated values of the models are smaller than diffuse irradiance on horizontal plane (excluding those when n=1). Table II lists the time-dependent horizontal plane ratios (ratio=diffuse irradiance/direct irradiance) of the abovementioned four days. The ratio slight changes when n=1, and a single peak can be observed in the time-varied history of diffuse irradiation; abrupt increase of the ratio is observed for the remaining values of n, causing multiple peaks of diffuse irradiation as time varies. Furthermore, to larger ratio corresponds larger diffuse irradiation. The ratio reflects weather condition of that day within some extent, thus it can affect the magnitude of diffuse irradiation and the timedependent trend. 
V. CONCLUSIONS
Focusing on Beijing, the present work used Liu and Jordan, Klucher, Hay, and Perez models to calculate solar irradiation on inclined surface and corrected Klucher model at tilt angle β=0°. For further understanding, the tilt angles of β=15°, β=45° and β=90° were selected for the comparison and analysis of the above-mentioned four models and the correction model, and the following conclusions were addressed:
The comparison of the calculated results of the models considered shows that increasing n those of Model 4 decrease from a maximum to a minimum among the models (around summer solstice) and then gradually increase.
The influences of tilt angle of inclined surface on each model are as follows: a) increasing tilt angle the difference in calculated values of diffuse irradiance between the models increases; b) the calculated results of models 3 and 4 relatively greatly differ from diffuse irradiation on horizontal plane at sunrise and sunset, and the differences increase with the increase of tilt angle; this phenomenon becomes the most predominant when n=1 and n=180 (in winter and summer); c) increasing the tilt angle from 45° to 90°, the calculated values of diffuse irradiation of the five models gradually decrease. At β=90°, all the calculated values of the models are smaller than the diffuse irradiation on horizontal plane (excluding those when n=1).
The corrected Klucher model is more suitable for the horizontal plane (β=0°) and inclined surface with small tilt angle, and the calculated value is always smaller than that calculated by Klucher model.
The ratio between diffuse and direct irradiance can affect the magnitude of diffuse irradiation and its variation trend with time, while its effect on the magnitude relationship among the models can be neglected.
